Small-volume Late Cretaceous monogenetic alkaline volcanism along the southern margin of North America resulted in a broad igneous belt more than 1200 km long from the Trans Pecos region of west Texas to central Mississippi, collectively forming a northern Gulf of Mexico magmatic zone (NGMMZ). The locus of igneous activity is associated with the discontinuity separating Mesoproterozoic cratonic lithosphere and Jurassic transitional lithosphere, a zone approximating the southern margin of Laurentia, the subsurface trend of the Pennsylvanian Ouachita orogenic belt, and the trace of the Miocene Balcones fault zone in Texas. Although previous studies have attempted to determine the ages of igneous activity in the region, few well-constrained geochronologic data using modern high-resolution techniques are available. We determined the age of eruption for the Balcones igneous province (BIP), a 400-km-long subsegment of the NGMMZ, using modern Ar ages underestimate the age of igneous activity by as much as 17%. New ages from this study, along with reevaluation of previous results, suggest that BIP igneous activity occurred in two discrete phases, each lasting only 2.6 m.yr. and separated by 2.7 m.yr.: older mafic volcanism occurred between 81.5 and 84.1 Ma and younger felsic volcanism between 76.2 and 78.8 Ma. The total interval of 8 m.yr. for BIP igneous activity is much shorter than had previously been inferred. The best geochronologic results are obtained from U-Pb dating of zircon mineral (phonolites) separates and 40 Ar/ 39 Ar dating of phlogopite (nephelinites and basanites) and amphibole (phonolites) separates.
Introduction
The southern margin of North America experienced widespread alkaline magmatism during Late Cretaceous time, ranging from west Texas to central Mississippi, collectively forming a northern Gulf of Mexico magmatic zone (NGMMZ; fig. 1 ; e.g., Byerly 1991) . The timing and duration of this activity are poorly understood because of a lack of modern high-resolution geochronologic data (Baksi 1997 ). The magmatism is constrained to have occurred between Ma (Prairie Creek com-108 ‫ע‬ 5 plex, AR ; Zartman 1977) and Ma (Jackson 66 ‫ע‬ 5 Dome, MS ; Merrill 1983) . It is important to understand the temporal history of a magmatic field because time-space relationships provide testable criteria to distinguish between various magmatic models (i.e., mantle plumes, edge convection, lithospheric delamination). Zartman (1977) recognized that alkaline rocks are commonly emplaced after cessation of orogeny or in anorogenic settings and that tectonic setting is often poorly understood in the genesis of alkaline rock suites, contending that accurate dating is essential for understanding their origins. This is certainly true for the NGMMZ, where a mantle plume origin has been suggested (Cox and Van Arsdale 2002) and magmatism is predicted to have migrated along a hot spot track from W to E through the region. A review of the literature shows that alkaline volcanic complexes are variable with respect to the duration of activity in individual complexes, ranging from short-lived monogenetic fields that complete their entire eruptive cycles over a few decades or less to long-lived polygenetic fields with repeated eruptive cycles over 10 s to 1100 m.yr. (Nielsen 1981; Fitton 1987; Barker 1996; Edwards and Russell 1999, 2000; Ngounouno et al. 2000; Ulrych et al. 2000; Yongtao and Anchun 2003; Gourgaud and Vincent 2004; Bailey and Woolley 2005; Cook et al. 2005; Johansen et al. 2005; Lié geois et al. 2005) . Testing models for the tectonic setting of alkalic provinces requires precise and accurate geochronology data.
This study focuses on the geochronology of Late Cretaceous alkaline magmatism in the Balcones igneous province (BIP) of Texas ( fig. 2 ). This is a 400-km-long, 100-km-wide subsegment of the larger NGMMZ. New 40 Ar /39 Ar and U-Pb results from BIP mineral separates are presented, evaluated, and integrated with results from previous studies to more tightly constrain the timing and duration of BIP magmatic activity. BIP magmatism resulted in 1200 (Ewing and Caren 1982) intrusive and eruptive centers along the reactivated discontinuity between Grenville-age (1.1-1.3-Ga) Texas craton and Jurassic (∼160-180-Ma) transitional lithosphere of the northern margin of the Gulf of Mexico basin. This discontinuity is also approximated by the subsurface trend of the Pennsylvanian (∼300-Ma) Ouachita orogenic belt and the Miocene-age (25-10-Ma) Balcones fault zone (Galloway et al. 1991) in south central Texas ( fig. 2 ). Low-degree partial melts from the focal zone (FOZO) and the FOZO ϩ high-m (HIMU) asthenospheric sources in the upper mantle produced a suite of monogenetic volcanic rocks in compositional range of melilite olivine nephelinites, olivine nephelinites, nepheline basanites, alkali basalts, phonotephrites, tephriphonolites, and phonolites (Griffin 2008; Griffin et al. 2009 ). On the basis of the major, trace, and radiogenic isotope compositions of BIP igneous rocks, we have suggested that the location and style of magmatism in the BIP were intimately linked to an important lithospheric discontinuity (Griffin 2008; Griffin et al. 2009 ); however, the temporal aspects are less clear because of the paucity of modern, high-resolution geochronological data. Previous studies of the BIP used 40 
K /40
Ar techniques to date a number of volcanic centers (Burke et al. 1969; Baldwin and Adams 1971) , but only a few ages using higherprecision 40 Ar/ 39 Ar techniques are available (Miggins et al. 2004) , and no U-Pb zircon ages are reported. Although the BIP can be seen in the field to consist of many low-volume, monogenetic volcanoes and plugs, existing radiometric ages suggest protracted activity from 100-66 Ma, on the basis of the stratigraphic relationships of pyroclastic deposits and fossiliferous sediments (Barker 1996) , to as short as 82-72 Ma, on the basis of 40 Ar/ 39 Ar geochronology (Miggins et al. 2004) .
Stratigraphic relations are difficult to determine at most BIP volcanic centers because of poor exposure. The stratigraphically best-studied outcrop is Pilot Knob, at the northeastern extreme of the BIP ( fig. 2, 43; Strong 1957; Barker and Young 1979; Ewing and Caren 1982; Young et al. 1982) , and it was isotopically dated by Baldwin and Adams (1971) . Tuff associated with the outcrop was found to interfinger with Upper Dessau (Upper Austin group, Upper Santonian) strata. The Santonian stage is constrained between and 83.5 ‫ע‬ 0.7 Ma (Gradstein et al. 2005) . Fracturing of 85.8 ‫ע‬ 0.7 Dessau strata near Pilot Knob was interpreted by Strong (1957) as evidence for the timing of volcanism, giving a somewhat older age than the average 40 K/ 40 Ar whole-rock age of Ma (Baldwin 79.5 ‫ע‬ 3 and Adams 1971) . Young et al. (1982) contended that the earliest magmatism at Pilot Knob was contemporaneous with the middle Dessau Formation, and they discussed areas proximal to the center that were coeval with the boundary between the Austin and Taylor groups.
Stratigraphic relationships elsewhere in the BIP are less clear than at Pilot Knob. In a literature review of the BIP, Matthews (1986) concluded that magmatism occurred between the Coniacian and the Campanian stages (Austin and Taylor groups) and separated the province into three segments on the basis of variations of the apparent stratigraphic ages. The northern segment included centers in the eastern extreme of the BIP (including Pilot Knob), centered on Travis County ( fig. 2) 83.5 ‫ע‬ 0.7 stratigraphically older than the igneous centers in the northern subprovince (Matthews 1986) . The southern segment is the locus of the most intense magmatism, as indicated by the highest-concentration BIP volcanoes and plugs, and is centered on Uvalde County ( fig. 2) . Matthews (1986) concluded that magmatism in the southern segment was stratigraphically younger than that in the central and northern segments, contemporaneous with Santonian and Campanian strata (Austin and Taylor groups) to Maastrichtian strata (Escondido Formation), corresponding to an age range of to 89.3 ‫ע‬ 1 Ma (Gradstein et al. 2005) . Our experi-65.5 ‫ע‬ 0.3 ence in the field was that the stratigraphic relations of volcanic horizons, as well as intrusive relationships, were difficult to observe because of poor exposure, so we argue that the best method of further defining the age and duration of magmatism in the BIP is by isotopic methods.
This study provides new constraints on the age of the BIP by reporting results of 40 Ar/
39
Ar and UPb analyses of high-purity amphibole, phlogopite, and zircon mineral separates. These data are used to address the following questions: (1) Which minerals and techniques provide the most reliable ages of BIP igneous activity? (2) What was the timing and duration of BIP magmatism? (3) Were the various BIP lithologies comagmatic or confined within discrete time intervals? Answers to these questions can provide general insights regarding the differences between monogenetic and polygenetic magmatism and the factors influencing the duration of activity in the region.
Geologic Background
The geological history of the BIP region is related to tectonic events associated with the tectonic evolution of the southern margin of North America. This includes accretion of Mesoproterozoic (1.3-Ga) lithosphere resulting from the Grenville orogeny, followed by the accretion of Pennsylvanianage (320-300-Ma) lithosphere associated with the Ouachita orogeny (Galloway et al. 1991) and the opening of the Gulf of Mexico in Early Mesozoic time (∼200-160 Ma). The opening of the Gulf of Mexico began by rifting, attenuating the Ouachita lithosphere, and it culminated in seafloor spreading during mid-Jurassic time (∼160 Ma), about 80 m.yr. before the onset of BIP magmatism (Sawyer et al. 1991) . The discontinuity between the cratonic lithosphere of North America and attenuated transitional lithosphere on the NW flank of the Gulf of Mexico oceanic basin localized the Late Cretaceous BIP magmatism (Griffin 2008; Griffin et al. 2009 ). The location of the BIP along this discontinuity is consistent with a number of different magmatic mechanisms explored by Griffin (2008) , including edge convection (King and Anderson 1998) , lithospheric delamination (i.e., Kay and Kay 1993) , and lithospheric rifting (Corti et al. 2003) . Although strongly alkaline, silica-undersaturated intraplate melts, such as those of the BIP, are commonly associated with continental rifting (i.e., Mitchell and Platt 1983) . Griffin (2008) concluded that no major rifting events occurred in the region during Late Cretaceous time. Instead, stress regimes imposed on the region (Bird 2002) were sufficient to create small degrees of extension perpendicular to the lithospheric discontinuity, allowing low-degree decompression melting of volatile-enriched upper mantle sources with FOZO and HIMU affinities. BIP igneous activity includes shallow marine eruptions of nephelinites and basanites, as well as shallow intrusions of phonolite. The discontinuity was reactivated as late as Miocene time (25-10 Ma), forming the Balcones escarpment (Galloway et al. 1991) ; however, the reactivation occurred long after BIP igneous activity ended.
Methods
Approximately 45 kg of bulk rock was collected at each sampling location. All samples were prepared at the University of Texas at Dallas Department of Geoscience sample preparation lab by removing weathered surfaces with a rock saw, crushing them a steel-jaw crusher, washing and drying the rock chips, and powdering them in a Bico disk mill pulverizer to pass through a 60-mesh sieve, followed by an 80-mesh sieve. Powder splits between 60-80 and 80-100 mesh were preserved for zircon (felsic rocks), amphibole, and nepheline-K-feldspar concentrate (felsic rocks) and phlogopite (mafic rocks) separation.
Ten samples were processed for zircon extraction (one melilite olivine nephelinite, two olivine nephelinites, one phonotephrite, and six phonolites). The sieved material for zircon separation was concentrated for heavy minerals on a shaker table, dried, and passed through a Frantz isodynamic separator. The 1.6-A (maximum) nonmagnetic split was subjected to heavy-liquid separation in methylene iodine and handpicked under a binocular microscope. Zircon in the mafic rocks is very rare to nonexistent, with one sample yielding a single crystal that produced an age (although the degree of uncertainty was high) consistent with that of phlogopite separates recovered from other mafic samples in the area. Other zircons from mafic samples yielded much older (xenocrystic) ages or were discordant; these nevertheless provide information about BIP basement. Zircon abundance in the phonotephrite and phonolites ranges from abundant to nonexistent. One sample yielded a large population, two yielded moderate populations, two yielded small populations, and one yielded no zircon. As was found in the mafic samples, the felsic rocks carry rare zircons yielding much older (xenocrystic) ages, although compared with the mafic rocks, those make up a smaller proportion of the total populations recovered. Future work aimed at recovering zircon from the BIP should concentrate the effort on the felsic rocks only because the results obtained from mafic zircons were not useful in determining the age of eruption and cooling for individual outcrops. Baddeleyite separation was not attempted but should be in future studies.
Nine mafic and 11 felsic samples were processed for 40 Ar/ 39 Ar mineral separation. Crushed splits for phlogopite, amphibole, and nepheline-K-feldspar concentrate separation were washed to remove fines, dried, and passed through a Frantz isodynamic separator; magnetic splits 0.3-0.4 and 0.4-0.5 A were targeted for phlogopite and amphibole, respectively. Further concentration was achieved by heavy-liquid separation in Bromoform and handpicking under a binocular microscope. Phlogopite was targeted in the mafic rocks, even though rare in most samples, because no other suitable mineral targets exist for 40 Ar/ 39 Ar geochronology. Amphibole was targeted for separation in the felsic rocks because it is the most common suitable mineral for 40 Ar/ 39 Ar analyses. Nepheline-K-feldspar concentrates were recovered from the 1.6-A nonmagnetic Frantz split. Future work requiring mica separates should focus on the mafic rocks, and work requiring amphibole separates should focus on the felsic rocks of the BIP.
Zircons were analyzed at the USGS sensitive high-resolution ion microprobe reverse geometry (SHRIMP-RG) instrument housed at the Stanford University Microanalysis Center (SUMAC). Zircons were mounted on glass slides, using doublesided tape, in -mm rows. The grains were cast 1 # 6 into -mm epoxy disks and polished to 1-mm 25 # 4 finish. Transmitted light images were made on an optical microscope to reveal the surface textures of the grains. The grain mount disk was then Aucoated by standard sputter-coating techniques, and cathode luminescence (CL) images ( fig. 3 ) were made using a JEOL 5600LLV scanning electron microscope to reveal the interior zonation of each grain. The grain mounts were then washed in a saturated EDTA solution, dried, and gold-coated for introduction to the SHRIMP-RG.
Analyses of individual zircons began by rastering a primary O 2Ϫ ion beam at an intensity of 4-6 nA for 120 s to remove the Au coat and surface contamination from the analytical spot. The primary ion beam was focused to approximately 20-40 mm and rastered over the analytical spot for 12 min to produce secondary ions from an ablation spot approximately 1-2 mm deep. Zr O 2 proved peak center location reliability and eliminated isobaric interferences. Data were processed off-line at the end of each analytical session, using SQUID 1.02 (Ludwig 2001) , by J. Wooden at the SUMAC, using the methods of Williams (1997) and Ireland and Williams (2003) . Common lead corrections were achieved by model age curve fitting of the uncorrected analytical data to Stacey and Kramers's (1975) lead evolution model. Results were calibrated relative to the zircon standard R33, a 419-Ma quartz diorite of the Braintree complex (Black et al. 2004) . Initial calibration of the instrument was performed by analyzing four or five R33 grains at the beginning of the analytical run for each new grain mount, with calibration checks performed throughout the session by analysis of an R33 grain after every four or five unknowns. Zircons from six phonolite samples were analyzed during analytical sessions in 2004-2006. Relative to the accepted value of 419 Ma, 18 analyses of R33 produced an average of 418.9 ‫ע‬ Ma during 2004, 15 analyses produced an av-2.1 erage of Ma during 2005, and 15 anal-419.0 ‫ע‬ 2.7 yses produced an average of Ma during 418.9 ‫ע‬ 3.5 2006 (tables A1, A2, available in the online edition or from the Journal of Geology office). Analytical spots were chosen on individual grains according to zircon morphology, the surface texture as revealed in the reflected light images, and the zo- Ar measurements were performed in the Radiogenic Isotopes Laboratory at Ohio State University. The general procedures have been described previously (see Foland et al. 1993 and references therein) , except for the use of a new noblegas mass analysis system. Sized aliquots of phlogopite and amphibole separates were irradiated under a high neutron flux for about 25 h in the McMaster Nuclear Reactor at McMaster University in Hamilton, Ontario. The aliquots were subsequently heated incrementally to successively higher temperatures, using a custom-built, resistance-heating, high-vacuum, and low-blank furnace.
Step-heating was continuous, with ramp times from one temperature to another of about 1 min and with dwell times of about 30 min at each temperature. These incremental-heating fractions, typically about 20-25 steps, were analyzed by static-gas mass analysis with a MAP 215-50 mass spectrometer.
Corrections for interfering reactions producing Ar from K, Ca, and Cl were made using factors determined from interference monitors that were irradiated along with the mineral aliquots. The age monitor used was an intralaboratory muscovite standard (PM-1) that has a 40 Ar/ 39 Ar age of 165.3 Ma; an uncertainty of ‫%1ע‬ is assigned to this age in order to allow for uncertainties in the standards against which PM-1 was calibrated. The age for this monitor was determined by simultaneous crosscalibration with several monitors, including the Fish Canyon Tuff biotite standard (FCT-3), with an age of 27.84 Ma. All factors and constants are provided in table A3, available in the online edition or from the Journal of Geology office.
Three kinds of 40 Ar/ 39 Ar ages are reported in table 2. The total gas age (t int ) represents an integrated age derived by summing all gas fractions. Total plateau age (t p ) is determined by heating the sample to a given temperature and deriving an apparent age from the gas fraction released. A series of heating steps at increasing temperature produces a series of gas release increments through which isochrons are drawn. Meaningful plateau ages must have the following characteristics: (1) plateau gas ages must be well-defined plateaus by contiguous release of 150% of total 39 Ar, (2) plateau gas fractions must form well-defined isochrons, (3) isochron ages and plateaus must be concordant, and (4) 40 Ar/
36
Ar must not differ significantly from the atmospheric value of (Lanphere 1999 ing steps, ages are derived from the slope of the isochron. The t p ages provide the most meaningful results because they must adhere to the previously defined criteria and are derived from a pooled age of multiple step-heating increments. Gas fractions released at the highest-and lowest-temperature steps tend to produce higher uncertainties than the intermediate heating steps and can be eliminated from the plateau age calculation (e.g., Lanphere 1999). The t ic ages are not as precise as the t p ages because they are related to how well the isochrons fit the data. The t int ages are the least preferred because they are derived from the summation of all gas release fractions and do not exclude the highestand lowest-temperature heating steps that typically contain the greatest uncertainty.
Results

40
Ar/ 39 Ar Geochronology. Amphiboles were separated from five phonolite and one phonotephrite sample, phlogopites were separated from one olivine nephelinite and two nepheline basanites, and a nephelineϩK-feldspar concentrate was separated from a phonotephrite. Sample locations are given in Nepheline separates were prepared for dating; however, the presence of K-feldspar in the more evolved phonolites made the separation difficult, owing to the common physical characteristics (sim- Ar plateau age spectra and reverse isochron plots for Balcones igneous province samples. Three following ages are given: total plateau (t p ), total gas (t int ), and reverse isochron (t ic ). The t p ages are preferred because they must meet preexisting criteria to provide geologically meaningful results. The t int ages do not allow for exclusion of complex heating steps. The t ic ages are related to the degree of fit for the isochron. The arrows on the isochron plots refer to the initial ratio of 40 Ar/ 36 Ar. Filled triangles are used in determining reverse isochron ages; open triangles have been excluded from the age determination. (Figure begins on p. 13 and continues on p. 14.) ilar magnetic susceptibility, specific gravity, and color of crushed grains) of both nepheline and Kfeldspar. No nepheline separates could be purified sufficiently to provide a viable target for phonolite dating. The results of five analytical runs produced t int ages (errors are not calculated) of 69.6, 63.6, 48.1, and 45.9 Ma (not shown). The t p and t ic ages were not calculated because all were clearly too young, as indicated by the fact that coexisting amphibole t int separate ages of 176 Ma were obtained for some of these samples. The results of one nepheline-Kfeldspar concentrate produced for phonotephrite sample G-UV03 yielded results that were only slightly younger than those for amphibole separates from the same sample (t p amphibole age of Ma vs. t p ages of and 76.2 ‫ע‬ 0.6 74.4 ‫ע‬ 0.4 Ma [2j] for the nepheline-K-feldspar con-74.8 ‫ע‬ 0.4 centrates), as compared with the more evolved phonolite samples discussed above ( fig. 4 ; table 2).
Comparisons of plateau widths and ages for phlogopite, amphibole, and nepheline-K-feldspar indicate that reliable ages were obtained for all samples, on the basis of gas fraction plateau widths 60%-97%, with the exception of amphibole from phonolite G-410, with a 49% plateau width. Younger ages and more complex spectra (especially at the lowest-or highest-temperature steps) were obtained for amphibole and nephelineϩK-feldspar. Overall results from the nephelineϩK-feldspar dating experiment, coupled with the observation that these phases contain a very high proportion of the potassium in BIP samples (whole rock: 0. Burke et al. (1969) , Baldwin and Adams (1971) , and Miggins et al. (2004) . The felsic samples are especially prone to age underestimation using whole-rock, groundmass, and nepheline-K-feldspar concentrates because nepheline and Kfeldspar comprise significant proportions of those rocks; the mafic rocks are somewhat less susceptible to these problems because nepheline makes up a much smaller proportion of the rocks and Kfeldspar is not present. U concordia plots are shown in figure 5 for the three samples with wellconstrained weighted mean ages (WMAs). All results are summarized in table 3. CL images for two samples ( fig. 3) show typical zircons used for analysis; the dashed circles (20-40 mm) closely approximate the location where the ion beam sputtered a 1-2-mm-deep pit. Numbers on each grain correspond to the grain number for each sample in table 1. Dark zones within the zircons represent areas of higher U concentration relative to lighter zones. Analytical spots were chosen to avoid obvious cracks and zones of high or low U concentration. Some zircons exhibit complex internal zonation patterns; however, those grains produced ages indistinguishable from those of the regular zoned grains (table 1) has a concordant age but a larger error of 76.6 ‫ע‬ Ma at a 95% confidence interval, with an 33.0 MSWD of 5.6 ( fig. 5; 
Discussion
The geochronology results provide important constraints on the evolution of the BIP. This section first compares the different geochronological systems and shows which methods and dating targets yield the most geologically meaningful results. The proposed timing and duration of magmatism in the BIP are summarized next, and the significance of xenocrystic zircons is discussed. We then discuss the monogenetic nature of the BIP as compared with similar polygenetic magmatic provinces. We finish our discussion by exploring the mantle plume and hot spot trail hypothesis advocated by Cox and Van Arsdale (2002) as a potential magmatic mechanism for the BIP and the NGMMZ.
Comparison of Techniques. The timing and duration of BIP magmatism has not been isotopically well constrained, although three previous studies have been conducted (Burke et al. 1969; Baldwin and Adams 1971; Miggins et al. 2004 ). The previous results, along with those of this study, are summarized in table 3 and shown in figure 6 . Ages published (Dalrymple 1979) .
Comparison of Different Techniques from This
Study. Of the BIP samples dated using U-Pb zircon techniques, two have also been dated by 40 Ar/ 39 Ar using amphibole separates, providing a comparison between the two methods ( 39 Ar release). We con-76.2 ‫ע‬ 0.6 clude that, considering the results of our study, the most reliable eruption/emplacement ages are given by mineral separates using U-Pb or 40 Ar/ 39 Ar methods. The use of whole-rock or mixed concentrates (especially those containing nepheline or K-feldspar in the mix) produces ages that are too young. Outcrops . Several outcrops we have dated for this study have been dated by at least one of the other previously discussed geochronologic studies. We compare the results of common outcrops to ascertain the quality of the age determinations reported for three outcrops where results from earlier studies can be compared with our results: Ange siding, Mount Inge, and Pinto Mountain.
Comparison of Results for Common
Ange siding. The Ange siding phonolite (G-UV05; fig. 2 , 5) has been isotopically dated in three different studies, using a variety of targets and techniques. Baldwin and Adams (1971) provided the first 40 Ar/
40
K results, deriving a whole-rock apparent crystallization age of Ma; this age was 65 ‫ע‬ 2 long considered to represent the end of igneous activity in the BIP. Miggins et al. (2004) Pbcorrected WMA concordia age of Ma 77.8 ‫ע‬ 0.7 (2j). We regard the amphibole t p and zircon separate ages as the most reliable indicators of the crystallization age of the rock because both ages are almost the same within error but take the 77.8 ‫ע‬ -Ma U-Pb age as best approximating the time of 0.7 emplacement and cooling. We interpret ages reported by Baldwin and Adams (1971) to be younger than the actual crystallization date by ∼16% and the Miggins et al. (2004) ages by 4%-7%.
Mount Inge. The Mount Inge (G-UV03; fig. 2 , 3) outcrop has been isotopically dated by three different studies, using a variety of targets and techniques. The outcrop is a tephriphonolite and is geochemically less evolved than the phonolites exposed elsewhere in the BIP. Baldwin and Adams (1971) Pb-corrected WMA concordia age of 77.26 ‫ע‬ (2j), indistinguishable from the amphibole age 0.61 and significantly older than nepheline and Kfeldspar ages that we and Miggins et al. (2004) derived. We regard the amphibole t p and zircon separate ages as the most reliable indicators of the age of crystallization because both ages are identical, within error. Baldwin and Adams's (1971) age is therefore too young by ∼17%. Miggins et al.'s (2004) t p (K-feldspar separate) age is quite comparable to our t p (nepheline-K-feldspar concentrate) date, differing by between 1.3% and 2.0%, a small difference for similar targets between two different laboratories. Amphibole and zircon separates from our study produced t p ages older than those of Miggins et al. (2004) by between 4% and 6%. We interpret our t p (nepheline-K-feldspar concentrate) age also to be too young, differing by 3%-4% relative to the amphibole and zircon separate t p ages.
Pinto Mountain. Pinto Mountain (G-UV34; fig.  2, 31) is an outcrop of nepheline basanite in the northwest extreme of the BIP. Pinto Mountain has been dated by two isotopic studies. Baldwin and Adams (1971) fig. 2, 43) , indicating that volcanism was contemporaneous with deposition of Santonian to Campanian strata (Burke et al. 1969 ), corresponding to an absolute age range of to 89.3 ‫ע‬ 1 70.6 ‫ע‬ 0.6 Ma (Gradstein et al. 2005 ).
It appears that felsic BIP lithologies (phonolites and tephriphonolite) are not contemporaneous with the mafic lithologies. Our study indicates that the felsic lithologies range in age from 76.2 ‫ע‬ 0.6 to Ma, based on our best 40 Ar/ 39 Ar and 78.8 ‫ע‬ 0.7 U-Pb results from six different outcrops representing a time frame of approximately 2.6 m.yr., during which felsic activity occurred. Although we have only three results for mafic centers in the BIP, the best estimates of eruption ages are to 81.5 ‫ע‬ 0.8 Ma. Miggins et al. (2004) ; table 3 ). The significance of the xenocrystic zircons is that they indicate crustal contamination of melts ascending through the lithosphere, which picked up these zircons from crust or sediments during ascent. Xenocryst ages do not implicate Mesoproterozoic crust of the Texas part of the North American craton because this lacks Neoproterozoic-age zircons (Gleason et al. 2002 (Gleason et al. , 2007 . Neoproterozoic zircons derived from Gondwanaland are reported from metasediments incorporated in the Ouachita orogenic belt (Gleason et al. 2007) and are suspected to underlie the BIP, and we conclude that this is the principal source of BIP xenocrystic zircons.
Monogenetic versus Polygenetic Magmatism in the BIP.
The BIP is an intraplate magmatic province, exploiting older lithospheric structures that have been reactivated in a net extensional stress regime, producing small-volume, low-degree melts enriched in alkali and volatile (especially CO 2 ) elements (Griffin 2008; Griffin et al. 2009 ). Comagmatic eruptions appear to have been facilitated by forces related to the Late Cretaceous Hidalgo orogeny in Mexico (Bird 2002) . The cessation of BIP volcanism after a relatively short time, and hence its monogenetic character, is most likely related to one of the following three factors: (1) the exhaustion of alkali and volatile element budgets in the mantle had promoted small-degree melting, (2) the North American plate may have moved enough so that the lithospheric discontinuity lost communication with the enriched mantle domain where melting was occurring, or (3) the permissive stress regimes changed orientation enough to prevent ascent of later melts. Bird (2002) contends that j 1 orientations had remained relatively constant at 68Њ (United States) and 75Њ (Mexico) between 85 and 50 Ma, suggesting that the cessation of magmatism was not related to the relaxation or change in orientation of stress regimes. Given plate motion rates of 2.0-2.6 cm/yr, at an orientation (based on inferred traces of the Bermuda hot spot track) of 280Њ (Morgan 1983) to 300Њ (Duncan 1984) , the maximum displacement of the lithospheric discontinuity relative to the locus of melting is on the order of 68 km (between 81.5 and 84.1 Ma). Plotting these orientations on a map of the BIP, relative to our mafic rock ages in the western extreme of the province, and given the unrealistic criteria that the locus of melting must lie directly under a volcanic center, it is apparent that 68 km of plate motion would have resulted in the locus of melting having moved under an area with the most BIP volcanic centers. We suggest that the plate motion argument cannot explain the monogenetic nature of the BIP. Instead, the best explanation for the cessation of volcanism in the BIP is exhaustion of the alkali and volatile budgets within the zone of melting. The presence of alkali and volatiles (especially CO 2 ) in the mantle effectively lowers the temperature of melting (Griffin 2008; Griffin et al. 2009 ), so even though stress regimes may have remained favorable between 85 and 50 Ma, the exhaustion of alkali and volatile budgets in the mantle effectively shut off further melting. If the BIP were to have been a polygenetic complex, it would have required periodic replenishment of alkali and volatile elements into the zone of melting. Bailey and Woolley (2005) related similar factors to polygenetic alkaline magmatism in Africa over the past 180 m.yr., contending that alkaline magmatism is common on continental plates, asserting that lithospheric thickness and geothermal gradients exert major influences on where and when volcanism begins, and recognizing that reactivation of older lithospheric structures is strongly correlated with the initiation of magmatism. Polygenetic centers may form over long periods by repeated reactivation of preexisting lithospheric structures. Continued plate motion may bring new (alkali-and volatile-enriched?) asthenospheric domains within the realm of preexisting lithospheric structures (Bailey and Woolley 2005) . Because small-degree melts enriched in alkali and volatile elements are commonly associated with alkalic magmatic complexes, volatile replenishment must occur in order for new melting events to occur (Bailey and Woolley 2005) . Given the common traits of each style of magmatism, the differences (and duration) between monogenetic and polygenetic fields appear to be controlled by the amount of alkali-and volatile-enriched mantle available for melting, the timing required for replenishment of the alkali and volatile elements, and the maintenance or reactivation of net extensional stresses along a preexisting lithospheric discontinuity. Periodic replenishment and reactivation of lithospheric discontinuities alone are insufficient to initiate melting; both events must occur in order to induce subsequent magmatic events.
Implications for a Mantle Plume-Hot Spot Track
Origin of the BIP. Temporal relations of magmatic zones are used to test mantle plume theory, which suggests that for lithosphere overriding a fixed mantle plume, a hot spot track develops, recording an age-progressive magmatic belt that youngs in the direction opposite that of the plate motion (Morgan 1971; Campbell 2001 Campbell , 2005 . Cox and Van Arsdale (2002) suggested that the igneous centers in southwest Arkansas, the Monroe uplift, and the Jackson Dome ( fig. 1 ) may be the result the North American continent overriding a mantle plume, using the projected Great Meteor plume track (∼120Њ trend) of Duncan (1984) as evidence. The Great Meteor track was no closer to the BIP than 700 km at its closest approach at the eastern end of the BIP. There does not appear to be an age progression of centers within the BIP. We have demonstrated by isotopic means that volcanism was concentrated into two discrete 2.6-m.yr. episodes, one mafic and one felsic. The spatial intermingling of mafic and felsic centers differing in age by a minimum of 2.8 m.yr. does not provide evidence for a timeprogressive track. Although the easternmost igneous center (Pilot Knob; fig. 2, 43 ) of the BIP is not isotopically as well constrained as some other centers, stratigraphic relations there support contemporaneous eruption with the mafic episode in the western portions of the BIP. We therefore reject the mantle plume model as a potential emplacement mechanism and argue that the preferred model of reactivation of older lithospheric structures promoting low-degree melting of volatile (especially CO 2 ) charged asthenosphere provides the best model to explain the occurrence of the BIP.
Conclusions
Late Cretaceous volcanism in the BIP, characterized by the group 1 nephelinite association of Le Bas (1978 Bas ( , 1987 , formed a small-volume system of intrusive and extrusive igneous bodies along the trend of the Pennsylvanian Ouachita orogenic belt in central Texas. This also marks a discontinuity between Grenville-age cratonic lithosphere to the north and west and Jurassic-age transitional lithosphere to the south and east. New high-resolution 40 Ar/ 39 Ar mineral separate and U-Pb zircon ages provide additional insights into the timing of BIP magmatism. Our study demonstrates that previous 40 Ar/ 40 K ages (Burke et al. 1969; Baldwin and Adams 1971) are as much 17% too young and that even modern 40 Ar/ 39 Ar techniques applied to nepheline-K-feldspar or groundmass concentrates give unreliable 40 Ar/ 39 Ar ages. Such young ages reflect the fact that most K in the BIP samples is concentrated in K-feldspar and nepheline, which have poor retention of radiogenic 40 Ar. Significantly older and similar ages in our study were obtained by U-Pb zircon and 40 Ar/ 39 Ar amphibole and phlogopite techniques, and we conclude that these provide the most reliable indication of when BIP igneous activity occurred.
Magmatism occurred in two discrete phases, each associated with distinct petrological characteristics. Mafic lavas, comprising melilite olivine nephelinites, olivine nephelinites, basanites, and alkali basalts, erupted at 81.5-84.1 Ma, a period of only 2.6 m.yr. Felsic magmatism, comprising phonolites, tephriphonolite, and phonotephrites, occurred at 76.2-78.8 Ma, a range of just 2.6 m.yr. The relatively short time of volcanism is consistent with results for other group 1 nephelinite complexes on Earth. The monogenetic nature of the BIP was most likely a result of exhaustion of alkali and volatile elements in the zone of melting.
